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DNS	  of	  hydrogen	  autoigni3on	  of	  in	  a	  cross-‐flow	  geometry	  

  Lab-‐scale	  jet	  in	  a	  cross	  flow	  

  Detailed	  invesEgaEon	  of	  flow	  and	  mixing	  
–  parallels	  laboratory	  study	  in	  UK	  

  Study	  condiEons	  leading	  	  to	  autoigniEon	  
  Important	  for	  intense	  mixing	  applicaEons	  	  

–  Premixing	  	  ducts	  in	  lean	  premixed	  turbines	  

–  Mixing	  in	  reheat	  combustor	  

Project Overview 

ALCF	  Early	  Science	  Program	  

Scien&fic	  Field:	  Combus&on	  

Codes:	  Nek5000	  
Fleck et al., ASME Turbo,2010 
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2D basis function, N=10 

  SpaEal	  discreEzaEon	  based	  on	  the	  spectral	  element	  method	  (Patera	  1984,	  
Devile,	  Fischer,	  Mund	  2002)	  	  
–  varia3onal	  method	  similar	  to	  FEM	  using	  GL	  quadrature	  

–  domain	  par33oned	  into	  E	  quadrilateral/hexahedral	  elements	  of	  order	  N	  

–  converges	  exponen3ally	  fast	  with	  N	  for	  smooth	  solu3ons	  

–  efficient	  operators:	  memory	  ~	  O(EN3),	  work	  ~	  O(EN4)	  

–  key	  kernel:	  	  small	  dense	  matrix-‐matrix	  products	  

  Semi-‐implicit	  Eme	  advancement	  	  
–  Pressure	  &	  diffusive	  terms	  treated	  implicitly	  

–  Nonlinear	  convec3ve	  terms	  treated	  explicitly	  

–  2nd/3rd	  order	  characteris3cs	  methods	  

  Physical	  modules	  	  
–  Convec3ve	  and	  conjugate	  transfer,	  MHD,	  free-‐surface	  flows	  

–  Low	  Mach	  number	  combus&on	  plugin	  

Numerical Code: Nek5000 
http://nek5000.mcs.anl.gov (P. Fischer, J. Lottes, S. Kerkemeier) 

ALCF	  Early	  Science	  Program	  

mxm 
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  MPI	  everywhere	  

  Domain	  decomposiEon	  
–  Recursive	  spectral	  bisec3on	  of	  element	  graph	  

  CommunicaEon	  through	  scalable	  gather-‐scaNer	  kernel,	  GS	  
–  Topology	  discovery	  and	  setup	  in	  ~	  .5	  sec	  for	  100	  M	  points	  on	  131K	  cores	  

  MulE-‐level	  precondiEoning	  for	  solvers	  
–  p-‐mul3grid	  for	  N’	  =	  N,	  N/2,…,1	  

–  AMG	  for	  parallel	  coarse	  grid	  problem	  ~	  5%	  of	  3me	  

–  based	  on	  op3mized	  GS	  

Parallelism and Existing Implementation 

ALCF	  Early	  Science	  Program	  
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Scaling to P=262144 Cores 

    Parallel Efficiency for Autoignition Application: 
       > 83% on P=131K, for n/P ~ 6200,   E=810,000,  N=9 
       > 73% on P=131K, for n/P ~ 3100,   E=810,000,  N=7 

# Cores  

BG/P Strong Scaling: P=8192 – 131072                               P=32768  – 262144 

32768    65536         131072  163840                  262144 

              # Cores  

  > 70% on P=262K 
  > 7 billion points ( tests n > 231 ) 
  20% of peak 

  Produc3on	  combus3on	  and	  reactor	  simula3ons	  on	  ALCF	  BG/P	  demonstrate	  scaling
	  to	  P=131072	  with	  n/P	  ~	  3000-‐6,000	  and	  η	  ~	  .7	  

  Test	  problem	  with	  7	  billion	  points	  scales	  to	  P=262144	  on	  Juelich	  BG/P	  with	  η	  ~	  .7	  
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  Low-‐Mach	  number	  formulaEon	  (Rehm	  1978,	  Majda	  	  1985)	  

–  hydrodynamic	  system	  can	  be	  advanced	  at	  fluid	  3me	  scale	  

  High-‐order	  fluid	  /	  thermochemistry	  spliRng	  (Tomboulides	  	  et	  al.,1997)	  

–  op3mal	  3me	  integra3on	  techniques	  of	  the	  different	  subsystems	  

  AdapEve	  BDF	  Emestepper	  for	  thermochemistry	  (CVODE)	  
–  efficient	  treatment	  of	  the	  non-‐linear	  coupled	  and	  s3ff	  energy	  &	  species	  equa3ons	  

–  Detailed	  chemical	  kine3cs	  and	  transport	  proper3es	  

–  plaiorm-‐tuned	  CHEMKIN	  compa3ble	  libraries	  

  Surface	  kineEcs	  
–  conjugate	  heat	  transfer	  in	  the	  solid	  

Plugin for Direct Numerical Simulation 
(DNS) of low Mach number reactive flows  

ALCF	  Early	  Science	  Program	  
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Recent DNS  

ALCF	  Early	  Science	  Program	  

  AutoigniEon	  of	  a	  hydrogen	  jet	  in	  a	  hot	  
turbulent	  co-‐flow	  

–  Cylindrical	  domain:	  D=16mm,	  h=55mm	  

–  300	  million	  grid	  points	  

–  11	  ms	  simulated	  3me	  

–  detailed	  H2/O2	  mechanism	  	  (9	  species	  /	  21	  rxns)	  
and	  transport	  

–  12M	  CPUh	  on	  Interpid	  using	  32k-‐64k	  cores	  

  Spherical	  premixed	  flame	  propagaEon	  	  
–  Spherical	  domain	  

–  Locally	  refined	  grid	  (cubed	  sphere)	  

–  ~670	  million	  grid	  points	  

–  4M	  CPUh	  on	  Cray	  XT5	  (Swiss	  Na3onal	  
Supercompu3ng	  Center)	  

mixture fraction temperature HO2 
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  Tools	  

–  High-‐performance	  dgemm	  op3mized	  for	  small	  N	  	  

•  Currently	  using	  assembler	  wripen	  by	  IBM	  for	  double	  hummer	  

•  Nek	  data	  is	  quad-‐aligned	  (been	  using	  this	  trick	  for	  >	  20	  years)	  

–  Scalable	  MPI	  

•  Need	  to	  issue	  ~100	  mpi_comm_dups	  	  (AMG)	  

•  Other	  basic	  func3onality,	  but	  fairly	  conserva3ve	  in	  MPI	  usage	  

–  VisIt	  (visualiza3on)	  

Library and Tool Dependencies 

ALCF	  Early	  Science	  Program	  
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  Proposed	  problem	  size	  
–  10	  billion	  gridpoints,	  100k	  3mesteps	  

–  400	  µsec/gridpoint/3mestep	  

–  Write	  throughput	  	  around	  8	  GB/s	  

–  I/O	  overhead	  10%	  

–  O(120	  million)	  Blue	  Gene/Q	  core	  hours	  

  Ensure	  bounded	  coarse-‐grid-‐solve	  Emes	  for	  ~	  O(106)	  cores	  

  Add	  support	  for	  hardware	  threading.	  Tune	  kernels	  including	  
–  Small	  dense	  matrix-‐matrix	  products	  [15%	  of	  3me]	  

–  Chemical	  produc3on	  rates	  and	  transport	  proper3es	  (SIMD	  and	  hardware	  threads)	  [30%]	  

  Experimental	  support	  for	  MPI/pThread	  model	  
–  Possibly	  use	  lightweight	  MPI	  proclet	  model	  of	  A.	  Wagner	  UBC	  

Problem size and  
Anticipated Modifications for Blue Gene/Q 

ALCF	  Early	  Science	  Program	  
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  Help	  find	  and	  hire	  a	  project	  postdoc	  	  
–  computa3onal	  scien3st	  (CFD	  would	  be	  ideal)	  

  InvesEgaEng	  “large	  N”	  kernels	  that	  will	  realize	  higher	  computaEonal	  
intensity	  without	  undue	  CFL	  constraints	  

  IdenEfy	  higher	  level	  kernels	  amenable	  to	  threading,	  e.g.,	  

	  gradrst	  u	  =	  [	  	  (I	  x	  I	  x	  D)	  	  	  (IxDxI)	  	  (DxIxI)	  ]	  u	  

	  	  	  	  	  where	  	  (I	  x	  I	  x	  D)	  u	  =	  sump	  Dip	  upjk	  ,	  etc.	  

Plan for Next 6 Months Effort 

ALCF	  Early	  Science	  Program	  


